Objectives: Resistant minority variants present before ART can be a source of virological failure. This has been shown for NRTIs, NNRTIs and CCR5 inhibitors. However, very few data are available for the detection of such minority resistant variants that could be selected at virological failure and not detected using classical Sanger sequencing.
Introduction
The sequencing techniques currently used in routine work only detect viral populations if they account for .15% -20% of the total viral population. 1 However, minority resistant variants (MRVs), whose rates by definition are under the detection threshold of Sanger sequencing, seem to be important. Indeed, it has been shown that the presence of HIV-1 drug-resistant minority variants may increase the risk of virological failure in first-line treatment. 2 This was particularly demonstrated for NNRTI-based regimens. 3 -5 It was also shown that the existence of a minority subpopulation using the CXCR4 co-receptor at baseline was a risk factor for virological failure during CCR5 inhibitor treatment. 6, 7 The next-generation sequencing (NGS) technologies detect and quantify these MRVs at a far lower frequency. However, very few data are available for the detection of such MRVs that could be selected at virological failure and most of the data were obtained in patients experiencing virological failure many times or during intermittent ART. 8, 9 The objective of the study was to evaluate the selection of MRVs and the underestimation of resistance mutations detected by current sequencing in patients with their first virological failure to a tenofovir, emtricitabine and efavirenz regimen.
Methods

Patients
Blood plasma from 26 patients treated with tenofovir, emtricitabine and efavirenz who had experienced their first virological failure (defined as two consecutive viral loads .50 copies/mL) were studied. All of them achieved a viral load ,50 copies/mL before failure. These patients could w Life Sciences) in the sample corresponding to the second detectable viral load .50 copies/mL. All patients were still under therapy at the time of genotypic resistance testing, meaning that the virus was still under drug selection pressure and that resistance mutations could be detected if they existed.
Sanger sequencing
The sample corresponding to the second detectable plasma HIV-1 RNA . 50 copies/mL was used for genotypic testing. Reverse transcriptase (RT) resistance genotypic analysis was conducted according to the Agence Nationale de Recherches sur le SIDA (ANRS) consensus method. 10 Any sequences found to have a mixture of wild-type and mutant amino acid residues at single positions were considered to have the mutant at that position. Resistance was interpreted according to the latest version of the ANRS algorithm (www.hivfrenchresistance.org). Subtype determination was performed using the HIV module of SmartGene (SmartGene, Zug, Switzerland), the methodology of which is based on BLAST. The database of the HIV module is composed of sequences of different subtypes and circulating recombinant forms (CRFs) published by Los Alamos on http://www.hiv.lanl.gov. In the case of inconclusive results, the HIV SmartGene module provides the ability to perform a phylogenetic analysis.
UDS
After RNA extraction (NucliSENS w Easy MAG TM , bioMérieux Clinical Diagnostics), reverse transcription into DNA was done using RT enzyme and DNA was then amplified by PCR (Titan One Tube RT-PCR Kit w , Roche Applied Science) using specific primers for the RT gene. 11 A nested PCR was performed with a high-fidelity Taq polymerase (Q5 w High-Fidelity DNA Polymerase, New England Biolabs), each primer consisting of an adapter, a 'key' of four nucleotides, a specific patient sequence (identifier of 10 nucleotides) and the target sequence. PCR products were purified with AMPure w Beads (Agencourt, Biosciences), quantified using a Qubit w 2.0 Fluorometer (Life Technologies) and pooled equimolarly. Pyrosequencing on GS Junior (Roche 454 w Life Sciences) was performed according to the manufacturer's recommendations. 12 RT sequencing by UDS was performed on two fragments: RT1 (RT amino acids 17 -140) and fragment RT2 (RT amino acids 133 -247). Amplicon Variant Analyser (AVA) was used to analyse the UDS results.
The presence of RT mutations was compared between the two sequencing methods. For UDS, mutations with a frequency of .1% were considered. Resistance mutations were interpreted using the latest ANRS algorithm (http://www.hivfrenchresistance.org). The genotypic susceptibility score (GSS) was calculated (drug with full susceptibility, 1; intermediate resistance, 0.5; full resistance, 0) with and without taking account of MRVs.
Statistical analysis
Patients were separated into two groups: with and without additional mutations detected by UDS. Fisher's exact test and the Mann -Whitney test were used to compare baseline characteristics of patients for categorical (subtype B, previous treatment) and continuous (viral load, CD4 cells count, time before failure) variables, respectively, between the groups. In univariate analysis, subtype (B/non-B), previous treatment (yes/no), viral load, CD4 cell count and time under the tenofovir, emtricitabine and efavirenz regimen before failure were investigated as potential factors relevant to the occurrence of MRVs. All factors with P,0.2 were retained for multivariate analysis and a logistic regression model was used to investigate whether previous variables were independent predictors of the occurrence of MRVs.
Results
UDS coverage
A median of 4790 and 6455 reads per nucleotide position was amplified for RT1 and RT2, respectively, which allowed accurate detection of variants down to a frequency of 1%. 12, 13 The average error rate in controls (cellular clone 8E5) was 0.0038.
Patients
A large proportion of patients were infected with HIV-1 subtype B (12/26). One patient was infected with a subtype G virus, one with a subtype A virus and 12 with CRFs (6 CRF02, 2 CRF01, 1 CRF09, 1 CRF14, 1 CRF06 and 1 CRF11). Viral load at failure ranged from 156 to 118553 copies/mL [2.2 to 5.1 log; median¼ 1228 copies/mL (3.1 log)], with 13 patients having a viral load ,1000 copies/mL. The median CD4 cell count was 369 cells/mm 3 (range 60 -1134 cells/mm 3 ). The median time under tenofovir, emtricitabine and efavirenz treatment before failure was 11 months (range 1-61 months). None of the patients had previous virological failure, even though some of them had received another treatment before the tenofovir, emtricitabine and efavirenz regimen.
Sequencing
Six patients did not harbour any resistance mutation detected by either bulk sequencing or UDS. Among these six patients, only one had received treatment previously. Ten patients had exactly the same mutations detected by both methods; four of them were previously treated.
Finally, 10 patients (38.5%) had more mutations detected by UDS than by bulk sequencing. Eight of these 10 patients had received one or more lines of treatment before the tenofovir, emtricitabine and efavirenz regimen. Characteristics of these patients are described in the following paragraphs and Table 1. UDS detected MRVs affecting NRTI resistance in viruses from seven patients (eight MRVs). The M41L mutation was identified in viruses from three patients who had received NRTIs before. The M184V mutation was detected in virus from one patient who had previously been treated with emtricitabine. However, the K65R mutation was present in two patients never treated with tenofovir before the start of the tenofovir, emtricitabine and efavirenz regimen. In addition, one L74I and one K219Q mutation were also detected. The NRTI GSS was decreased for five of the seven patients.
Additional NNRTI mutations were found in the plasma of five patients (five MRVs). The V179I mutation was identified in viruses from two patients who had received efavirenz before. The Y188H, H221Y and M230V mutations were each detected in single patients who had never been treated with NNRTIs. The NNRTI GSS was reduced in two of the five patients (in these two patients rilpivirine susceptibility was affected by the additional mutations H221Y or M230V).
Finally, in 6 of the 10 patients who had more mutations detected by UDS, the GSS calculated by UDS was reduced (by up to 3.5) compared with the GSS calculated using Sanger sequencing results.
Of note, MRV were detected even in patients with low viral load at failure (six cases of patients with viral load ,1000 copies/mL).
To complete this work, we searched for genotypes before the start of tenofovir, emtricitabine and efavirenz treatment. We Todesco et al. 
Statistical analysis
In univariate analysis, the presence of MRVs detected only by UDS was associated with a longer time under tenofovir, emtricitabine and efavirenz before failure (P ¼ 0.0585) and, non-significantly, with previous treatment (P ¼ 0.0992). In multivariate analysis, there was only a non-significant relationship between the presence of MRVs detected only by UDS and prior treatment (P ¼ 0.097).
Discussion
In patients failing a tenofovir, emtricitabine and efavirenz regimen, the use of UDS instead of classical Sanger sequencing on plasma samples at failure detected more resistance mutations to ART in 38.5% (10/26 patients) of cases and, more relevantly, the GSS was reduced in 23.1% (6/26 patients) of cases, with a potential impact on salvage treatment. Overall, total concordance was found between Sanger sequencing and UDS for all mutations detected by bulk sequencing. Additional mutations were found in approximately half of the samples in which resistance mutations were detected by Sanger sequencing (10/19 patients). It seems that patients who were more likely to have MRVs were previously treated patients and those who were treated for a longer time with tenofovir, emtricitabine and efavirenz.
When the presence of MRVs impacted the GSS, it was more often for NRTIs than for NNRTIs. This was presumably because NNRTIs, which are drugs with a low genetic barrier, were already widely affected by the mutations found by Sanger sequencing (K103N was already detected by Sanger sequencing in 9 of 10 viruses with additional mutations in UDS). Thus, our study emphasizes the interest of UDS for NRTI resistance at first failure, whereas the interest of UDS was previously highlighted for NNRTI resistance in first-line treatments. 3, 4 We detected MRVs in 6 of 13 patients with a viral load ,1000 copies/mL, but it is generally accepted that the value of UDS is questionable for such low viral loads because of the stochastic distribution of low-copy-number samples, and therefore viral loads ,1000 copies/mL had not been studied by UDS previously.
14 However, despite a certain variability in detecting MRVs, it seems interesting to study the low viral loads, especially since it has been shown that, even with a small number of mutated copies/mL, some variants of resistance could be correlated with virological failure. 3 Obviously, further studies are needed to follow prospectively the impact of these MRVs on the virological response to subsequent regimens. However, these results reinforce recently published data and could argue in favour of the use of UDS in patients failing on an NRTI+ NNRTI regimen, 15 even in patients with a viral load at failure ,1000 copies/mL.
